We investigated the functional impact of a recently described islet-specific loss of sympathetic nerves that occurs soon after the autoimmune destruction of beta cells in the BB diabetic rat (1). We found that the portal venous glucagon response to sympathetic nerve stimulation (SNS) was markedly impaired in newly diabetic BB rats (BB D). We next found a normal glucagon response to intravenous epinephrine in BB D, eliminating the possibility of a generalized secretory defect of the BB D alpha cell as the mediator of the impaired glucagon response to SNS. We then sought to determine if the glucagon impairment to SNS in BB D was due solely to their loss of islet sympathetic nerve terminals, or whether other effects of autoimmune diabetes contributed. We therefore reproduced, in non-diabetic Wistar rats, an islet nerve terminal loss similar to BB D with systemic administration of the sympathetic neurotoxin, 6-hydroxydopamine. The impairment of the glucagon response to SNS in these chemically-denervated, nondiabetic rats was similar to that in the spontaneously denervated BB D. We conclude that the early sympathetic islet neuropathy (eSIN) of BB D causes a functional defect of the sympathetic pathway to the alpha cell that can, by itself, account for the impaired glucagon response to post-ganglionic SNS.
Introduction
Human autoimmune type 1 diabetes is characterized by a major impairment of the glucagon response to insulin-induced hypoglycemia (2) which is evident early in the course of the disease (3) . BB diabetic rats, one of the best animal models of human autoimmune diabetes, exhibit this specific glucagon impairment after only one week of diabetes (4) . Defects in several mechanisms have been proposed to mediate the impairment (2; 5; 6). We have favored the hypothesis of autonomic defects since an important role of autonomic inputs to the islet in mediating the glucagon response to hypoglycemia has been demonstrated in both non-diabetic animals (7-10) and humans (11) . We have focused specifically on damage to sympathetic nerves of the islet because central glucopenia results in activation of pancreatic sympathetic nerves (12; 13) and this activation can, by itself, mediate most of the glucagon response to insulin-induced hypoglycemia (14) . We hypothesized that early in autoimmune type1 diabetes there is damage to the sympathetic pathway to the islet that contributes to the early impairment of the glucagon response to hypoglycemia seen in this disease.
Diabetic autonomic neuropathy (DAN), a well known complication of type 1 diabetes, impairs several classes of nerves (15) (16) (17) including peripheral sympathetic nerves (18; 19) . However, clinically significant DAN takes months to develop in rodents (20; 21) and years to decades in humans (22) . Since the glucagon response to insulininduced hypoglycemia in the BB rat is severely impaired far earlier than the development of DAN (23), we considered it unlikely that DAN was the mediator of this specific, early glucagon impairment. Thus, we looked for evidence of an earlier and more selective form of diabetic neuropathy. To do so, we studied the BB diabetic (BB D) rat, a well accepted animal model of human autoimmune diabetes whose beta cell destruction is due to a mutation in a recently identified gene (24) . There is an abrupt and predictable onset of severe diabetes in the BB D rat that allowed us to examine the islet innervation of these animals immediately after the onset of the disease. We found a marked loss of sympathetic nerve terminals in the BB D rat that was restricted to pancreatic islets and occurred within one week of presentation of diabetes (1) . Thus, we termed this defect "early Sympathetic Islet Neuropathy" (eSIN). Since that anatomical study did not allow us to determine the physiological consequences of eSIN, additional studies were needed to investigate the effect of eSIN on the sympathetic pathway to the alpha cell early in BB diabetes.
The current studies, therefore, were designed specifically to assess the functional impact of eSIN of BB D on neural regulation of the glucagon secretion. Sympathetic nerve stimulation (SNS) of post-ganglionic nerves innervating the pancreas was chosen as our neural stimulus since it ensures a reproducible activation of islet sympathetic nerve terminals and since it is known to stimulate glucagon secretion in several species (25; 26) , including the rat (27) . We first examined the glucagon response to SNS in BB D and compared it to that of their BB non-diabetic littermates. Upon demonstrating a markedly impaired glucagon response in BB D, we sought to determine if factors other than islet nerve terminal loss contributed to this impairment. To rule out a generalized secretory defect of the BB alpha cell, we examined the glucagon response to epinephrine in BB D and their non-diabetic littermates. To rule out potential contributions of beta cell loss and diabetic hyperglycemia, we compared the degree of impairment of the glucagon response to SNS in BB D to that of non-diabetic rats with similar islet nerve terminal loss. We conclude that the recently described islet-specific neuropathy in BB D rats can, by itself, account for the marked impairment of the glucagon response to SNS seen in BB D.
Methods

Animals and pretreatments:
Male and female BB rats, congenic for the lymphopenia gene (lyp) on rat chromosome 4, were mated to produce the BB rats used in this study. All BB rats were genotyped for the lymphopenia gene at approximately 30 days of age. All (lyp/lyp) rats developed diabetic hyperglycemia between 60-77 days of age, and the daily insulin treatments required for survival were begun immediately. The duration of diabetes for BB D on the day of SNS or epinephrine studies ranged from 4 to 20 days. Insulin treatments were omitted on the morning of the study to avoid acute suppression of glucagon secretion by exogenous insulin (28) (29) . BB non-diabetic littermates (BB NDL) were studied at the same age as BB D, and the BB NDL group had nearly equal numbers of (+/lyp) and (+/+) rats. Male and female rats were distributed equally between groups.
Wistar rats, the background strain of BB rats, were chosen to study the effect of islet neuropathy, in the absence of diabetes, on the glucagon response to SNS. 4-6 days prior to SNS, separate groups of male Wistar rats (280g-350g; Simonsen Labs, Gilroy, CA) were pretreated with one of five doses of the sympathetic neurotoxin, 6-hydroxydopamine (6-OHDA;1-100 mg/kg IP; Sigma, St. Louis, MO), given to destroy peripheral sympathetic nerve terminals, including those of the pancreatic islets. 6-OHDA treatment caused an acute, transient loss of weight, however all rats started regaining weight within three days and were at or near pretreatment weights on the day of acute, terminal SNS studies (i.e. seven days after 6-OHDA treatment).
All rats included in these studies were certified as healthy by the Veterinary Medical Officer and exhibited normal grooming and feeding behavior on the day of SNS studies. All research involving animals was conducted in an AAALAC accredited 
Surgery and experimental design:
Acute, terminal studies were performed on overnight fasted rats to determine the glucagon responses to SNS or epinephrine. Rats were anesthetized with isoflurane (4% induction, 2% maintenance in 1 L oxygen), placed on a heating pad and a midline laparotomy was performed. A bilateral adrenalectomy was performed to prevent humoral stimulation of glucagon by endogenous epinephrine, and a portal venous blood sampling catheter (polyethylene; Becton Dickinson and Co., Sparks, MD) was inserted at the level of the cecum. The tip of the catheter was advanced approximately 1 mm caudal to the liver in order to maximize the sampling of pancreatic effluent. For SNS studies, the celiac ganglion was exposed, and a bipolar electrode (Harvard Apparatus, Holliston, MA) was placed around the lateral nerve trunk that runs toward the pancreas between the lienal and hepatic arteries. The electrode was connected to an S-44 stimulator (Grass Instruments, Quincy, MA) and an oscilloscope. For epinephrine studies, performed on separate groups of adrenalectomized BB rats, an additional catheter for infusions was inserted into the caudal vena cava and connected to an infusion pump (Harvard Apparatus, Holliston, MA). A 30-minute stabilization period preceded the drawing of baseline samples.
During SNS studies, portal venous blood samples were drawn before and ten minutes into the nerve stimulation. Stimulation parameters were 8 Hz frequency, 10 mA current and 1 mS pulse duration. During epinephrine studies, portal samples were taken before and ten minutes into an intravenous epinephrine infusion of 80 ng/kg/min, given at a volume rate of 0.1 ml/min/300g body weight. The dose of epinephrine was then increased to 400 ng/kg/min without changing the volume infusion rate, and a portal sample was taken five minutes later. For both SNS and epinephrine studies, equal volumes of heparinized donor blood was infused immediately following each blood sample to avoid hypotension and its potential effects to reflexively activate sympathetic nerves. Blood for glucagon and glucose determinations was drawn on Benzamidine HCl
(1 M, 50 µl/ml blood) while that for catecholamine determination was drawn on a mixture (20 µl/ml blood) of EGTA (0.09 mg/ml) and glutathione (0.06 mg/ml). Blood samples were immediately placed on ice, centrifuged (3000 rpm, 20 minutes, 3 °C), and the plasma was frozen (-30 °C) until assay.
Immediately following SNS studies, the uncinate lobe of the pancreas was harvested, snap frozen on dry ice and stored at -80 °C until analysis of catecholamine content. Subsequently, duodenal and splenic lobes of the pancreas destined for immunohistochemical analysis were fixed. Briefly, a thoracotomy was performed, and a 16g needle, attached to reservoirs of both saline and 4% paraformaldehyde (0.1 M PBS), was inserted into the left ventricle of the heart. The right atrium of the heart was transected to avoid recirculation of blood and fixative. The rats received a whole body perfusion of saline (300 ml/rat) to clear all blood from tissues followed by paraformaldehyde (300 ml/rat) to fix all tissues. To avoid regional differences in innervation within pancreatic tissue, all pancreatic samples were harvested from the junction of the duodenal and splenic lobes. These tissue samples were then immersed in 4% paraformaldehyde for 12 hours for post-fixation and then placed in 25% sucrose (0.01 M PBS, pH 7.4) for overnight dehydration. The next day, the tissue was embedded in mounting medium (Tissue-Tek, Miles Inc, Elkhart, Ind.), frozen on dry ice and stored at -80 °C until it was sectioned and stained.
Plasma and tissue analysis:
Portal venous plasma was assayed for glucagon and catecholamines to quantify alpha cell secretion and sympathetic neurotransmitter release during SNS, respectively.
Plasma glucagon was measured in duplicate by radioimmunoassay (Linco, St. Charles, MO). Plasma norepinephrine was measured in duplicate using a sensitive and specific radioenzymatic assay (30) . The intra-and inter-assay coefficients of variation of this assay are 6% and 12% in this lab, respectively. Pancreatic tissue norepinephrine content was measured in this same assay: frozen tissue was weighed (0.4-0.6 g), homogenized
and boiled in acetic acid (1N, 3 ml, 5 min). The homogenate was then centrifuged twice (25,000 rpm X 45 minutes), and the supernatant was dried and then reconstituted in 1 ml of 20 % Tris buffer. The reconstituted extract was centrifuged and frozen at -80 °C until assayed.
Basal plasma glucose was measured in BB rats by the glucose oxidase method (Beckman, Brea, CA) to verify diabetic hyperglycemia.
Pancreatic islets were stained for vesicular monoamine transporter 2 (VMAT 2) to quantify islet sympathetic innervation, as recently described in detail (1). Quantification was performed by tracing islet VMAT 2 fiber segments by hand using an image analysis system. In the current studies, the width of the tracing line was minimized and calibrated prior to each determination, a procedure that reduced the variability and mean pixel area of the control groups compared to previously published data (1) . The operator quantifying the VMAT 2-positive fiber area was blinded to animal groups and treatments.
Representative VMAT 2 images in Figure 3 were performed with confocal imaging (Leica Microsystems, Heidelberg, Germany).
Statistical Analysis:
All data are expressed as mean ± SEM. Responses in BB D rats were compared to those of BB NDL using a two-sample t test. Linear regression analysis was used to test for a dose-response relationship between the five doses of 6-OHDA and the portal venous norepinephrine or glucagon responses to SNS or VMAT 2 fiber area within the islet. Specifically, we regressed the dose of 6-OHDA versus glucagon increments, norepinephrine increments and islet VMAT2 fiber staining for all individual rats and tested for negative and significant correlation coefficients.
`Results
Nerve Stimulation in BB Diabetic Rats
Sympathetic nerve stimulation (SNS) in BB NDL increased the portal venous (PV) plasma concentration of glucagon from a baseline of 537±197 pg/ml to an average of 2,446±410 pg/ml at ten minutes of stimulation ( n=5, for ∆ see Figure 1 ). In BB D, SNS increased PV glucagon from 536±108 pg/ml to 1,353±144 pg/ml ( n=6, for ∆ see Figure 1 , p< 0.005 versus BB NDL). Thus, this PV glucagon response to SNS in BB D was decreased by 57%, as compared to BB NDL ( Figure 7 ).
The increment of norepinephrine in PV plasma was measured during SNS as an index of sympathetic neurotransmitter release from abdominal nerves, including those of the pancreatic islets. PV norepinephrine in BB NDL increased during SNS from 604±59 pg/ml to 5,650±655 pg/ml (∆= +5,046±621 pg/ml). In BB D, basal PV norepinephrine was similar to BB NDL (563±45 pg/ml) yet the increment during SNS tended to be lower (∆= +3,878±328 pg/ml, p= 0.054 versus NDL). 
Epinephrine infusion in BB Diabetic Rats
To determine if BB D had a generalized secretory defect of the pancreatic alpha cell, we infused epinephrine at two doses and measured the increments of glucagon in portal venous plasma. The two doses were chosen in an attempt to produce increments in portal venous glucagon similar to that achieved during nerve stimulation in BB NDL. BB NDL (n=4) had a basal glucagon value of 355±36 and glucagon increments over basal of +507±162 after ten minutes of 80 ng/kg/min epinephrine and +2940±781 after five minutes of 400 ng/kg/min epinephrine (Figure 2) . Thus, the increments in portal venous glucagon in response to the two doses of epinephrine bracketed the increment achieved by SNS in BB NDL. BB D (n=3) had a basal glucagon value of 509±43 and glucagon increments over basal of +477±193 (p=NS versus NDL) after ten minutes of 80 ng/kg/min epinephrine and +2342±290 (p=NS versus NDL) after five minutes of 400 ng/kg/min epinephrine ( Figure   2 ). Thus, the increments of glucagon to both epinephrine doses were similar in BB NDL and BB D.
Sympathetic Innervation of Pancreatic Islets in BB Diabetic Rats
To confirm that this group of BB D rats had decreased sympathetic innervation of the islet, we quantified vesicular monoamine transporter 2 (VMAT 2) positive fibers in the islets of BB D and BB NDL (Figure 3) . BB D had a 65% decrease of islet VMAT 2 fiber staining compared to BB NDL (p< 0.005, see Figure 4 for absolute data and Figure 7 ).
Sympathetic Denervation of Pancreatic Islets Following 6-OHDA Pretreatment
In an attempt to reproduce, in non-diabetic rats, the degree of islet neuropathy seen in BB D, we pretreated Wistar rats with one of five doses of the sympathetic-specific neurotoxin, 6-hydroxydopamine (6-OHDA). Increasing doses of 6-OHDA produced increasing loss of VMAT 2-positive staining within the islet (p< 0.0025; Figure 5 ). The percent change (%∆) of islet VMAT 2 positive fibers following 6-OHDA treatment, as compared to saline pretreated rats (n=7), is included in Table 2 : the degree of islet neuropathy seen in BB D (%∆ VMAT 2 = -65%, as compared to BB NDL) falls between that produced by the 6-OHDA doses of 10 mg/kg (n=6) and 50 mg/kg (n=8) {%∆ of islet VMAT 2 = -54% and -78% respectively, Figure 7} . Mean islet size was similar in all groups of Wistar rats (data not shown).
To independently verify the degree of islet neuropathy produced by increasing doses of 6-OHDA, we measured pancreatic norepinephrine content following 6-OHDA pretreatment. As shown in Table 2 , increasing doses of 6-OHDA produced a progressive decrease of pancreatic norepinephrine content (p< 0.0025).
Nerve Stimulation Following 6-OHDA Pretreatment
The PV norepinephrine responses to SNS were progressively smaller with increasing doses of 6-OHDA (p< 0.0025, Table 1 ), a pattern similar to the effect of 6-OHDA on islet VMAT 2. Basal PV norepinephrine also tended to decrease with increasing doses of 6-OHDA (Table 1) .
Increasing doses of 6-OHDA were also associated with progressively smaller glucagon responses to SNS (p< 0.025; Figure 6 and Table 1 ). In particular, the two doses of 6-OHDA that produced a degree of islet neuropathy similar to that seen in BB D produced impairments of glucagon responses to SNS that were also similar to that of BB D (Figure 7 ).
Discussion
The goal of the present study was two-fold. First, we sought to determine if the marked loss of islet sympathetic nerve terminals seen immediately after presentation of diabetes in the BB D rat (1) was associated with an impaired glucagon response to SNS.
We describe here a marked impairment of the glucagon response to electrical stimulation of the post-ganglionic sympathetic nerves of the pancreas in newly diabetic BB D rats.
Thus, a functional impairment of the sympathetic pathway to the alpha cell early in BB D accompanies the anatomical impairment of islet innervation previously described and confirmed in the current study. Second, we sought to determine if this glucagon impairment in BB D was due solely to the loss of islet sympathetic nerve terminals, as opposed to the other effects of autoimmune diabetes. We found that non-diabetic Wistar rats that were chemically treated to destroy islet sympathetic nerve terminals to a degree approximating that of BB D rats had a degree of impairment of the glucagon response to SNS similar to those BB D rats. Together, these data suggest that the islet-specific loss of nerve terminals during the development of autoimmune diabetes in BB rats, which we term "early Sympathetic Islet Neuropathy" (eSIN), accounts for the glucagon impairment to SNS in BB D. Since the activation of islet sympathetic nerves can mediate most of the glucagon response to insulin-induced hypoglycemia (14) , this defect in the sympathetic pathway to the alpha cell early in autoimmune type 1 diabetes may also contribute to the impairment of the glucagon response to insulin-induced hypoglycemia seen early in this disease (4) . Further, since disconnection of nerve terminals from their cell bodies is known to impair ganglionic neurotransmission (31) (32), ganglionic impairment may be a second mechanism by which islet nerve terminal damage leads to the impairment of the sympathetic pathway to the alpha cell in type 1 diabetes.
We hypothesized that the marked loss of islet sympathetic nerve terminals in BB D would impair the glucagon response to SNS. The 57% decrease of the glucagon response to SNS in BB D was the first supportive evidence of our hypothesis. Since neither dose of epinephrine revealed a marked impairment of the glucagon response in BB D, any generalized secretory defect of the alpha cell in BB D was not of sufficient magnitude to account for the markedly impaired glucagon response we observed during SNS. This latter finding is consistent with previous data in BB D that demonstrated normal pancreatic glucagon content (4) and normal or even exaggerated glucagon responses to other stimuli in BB D (33; 34) . In addition, diabetic hyperglycemia is unlikely to account for the markedly impaired glucagon response we observed during SNS since the glucagon response to the low dose of epinephrine was not suppressed in hyperglycemic BB D and since our previous work showed that the ability of hyperglycemia to suppress glucagon secretion is markedly diminished by insulin deficiency (35) . Thus, the lack of a major generalized secretory defect in the BB D alpha cell, despite the presence of diabetic hyperglycemia, supports our hypothesis that eSIN is the dominant mediator of the impaired glucagon response to SNS.
We confirmed a marked destruction of islet sympathetic nerves in these newly diabetic BB D rats: islet VMAT 2 fiber area, an index of islet sympathetic nerve terminals, was decreased by 65% compared to their non-diabetic littermate controls, similar to our previous finding (1) . Loss of islet sympathetic nerve terminals in BB D seems to be related to the autoimmune attack on islet beta cells since it is not seen after the chemical destruction of B cells produced by streptozotocin administration (1). Although islet nerve terminal loss was associated with the impaired glucagon response to SNS in BB D rats, we could not yet conclude that this association was causal since other potential modulators of glucagon secretion, beta cell loss (28; 36) and hyperglycemia (37) , were also present. Thus, further studies were necessary to assess the contribution of islet neuropathy per se to the observed impairment of neurally-mediated glucagon secretion in BBD.
We therefore performed SNS in non-diabetic rats that were chemically pretreated to reproduce the degree of islet nerve terminal loss seen in BB D. We produced islet nerve terminal destruction in Wistar rats by administering the sympathetic-specific neurotoxin, 6-hydroxydopamine (6-OHDA). We used islet VMAT 2 fiber area to compare the isletspecific denervation seen in BB D to the islet denervation produced by systemic 6-OHDA in Wistar rats. The sensitivity of this index of islet denervation was verified by the finding that systemic 6-OHDA produced a similar percent decrease of classical indices of denervation (see Table 2 ). Since untreated Wistar controls had greater islet VMAT2 fiber density than the BB NDL controls, we attempted to correct for this strain difference by expressing the islet nerve terminal loss in 6-OHDA and BB D rats as a percent loss compared to their respective controls. Two of the five doses of 6-OHDA produced degrees of islet sympathetic nerve terminal loss that bracketed the 65% loss seen in BB D. Importantly, the corresponding glucagon impairments during SNS of these two groups also bracketed the 57% impairment seen in BB D. Thus, we conclude that the glucagon impairment during SNS in BB D is due to their islet nerve terminal loss, and that the beta cell loss and hyperglycemia present in BB D had little additional effect. Previous data are consistent with this conclusion, as streptozotocin diabetes, which leaves islet nerve terminals intact, does not lead to an early impairment of the glucagon response to SNS in the isolated pancreas perfused with high glucose (20) .
We hypothesized that spontaneous islet nerve terminal destruction in BB D impaired the glucagon response to SNS by decreasing neurotransmitter release at the alpha cell.
Unfortunately, the traditional methods of documenting impaired neurotransmitter release, such as decreases of total pancreatic norepinephrine spillover (38) 
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The box ( ) indicates data from the two doses of 6-hydroxydopamine (6-OHDA) where the loss of islet vesicular monoamine transporter2 (VMAT2) fiber area brackets the loss seen in BB diabetic rats. 
